INTRODUCTION : The habits of herpes
Herpesviruses may be defined as 'Viruses of eukaryotes, having single, linear, doublestranded DNA genomes of /> 120 kbp, which are replicated and packaged into icosahedral nucleocapsids of 100 nm diameter with 162 prismatic capsomers within the nuclei of infected cells and which are then enclosed in protein teguments and glycoprotein and lipid envelopes to give their infectious extracellular forms' (Honess & Watson, 1977b; Roizman, 1982) . A number of additional properties should probably be considered as parts of an improved definition. Thus, the participation of essential virus-coded gene products in the replication of virus DNA (e.g. DNA polymerase, DNA-binding proteins), the formation of concatemeric replicative intermediates and their maturation into progeny genomes by site-specific recombination/ cleavage reactions, are likely to prove important general features of productive cycles of herpesvirus growth. The regulation of herpesvirus gene expression during productive infections also has some rudimentary mechanisms in common (see below). However, beyond such defining characteristics, the more than 80 viruses currently recognized as members of the group differ in many of their molecular and biological properties. It is the object of this paper to restate and reconsider some aspects of this diversity. In doing so, I will attempt to develop and support a hypothesis which provides a coherent view of the origin of the molecular diversity of this group and suggests ways in which the molecular variety of herpesviruses may underpin differences in their gross biological properties. The major proposition I will seek to advance is that the diversity of contemporary herpesviruses cannot be satisfactorily understood as the product of purely adaptive processes. I suggest that properties intrinsic to the mechanisms of herpesvirus genome * This paper is a written version of the Fleming Lecture, first delivered to the Meeting of the Society for General Microbiology at the University of Reading on 4 January 1984. A number of changes have been made to adapt the contents of the lecture to a less well-illustrated format. However, I have attempted to retain more of the speculative and didactic spirit of the lecture than would normally be appropriate in a written paper. I have also added references to papers which were available to me in unpublished form, but which have subsequently been published. R.w. HONBSS replication and maturation contributed additional, dominant, sources of non-random variations which have promoted herpesvirus divergence.
Before outlining some of the observations and arguments which lead to this proposition and considering the mechanisms which may be involved, three sets of assumptions and qualifications should be stated. Firstly, the major pathways of herpesvirus evolution are presumed to have diverged from a single origin. Little can yet be said about the pre-herpetic origins of herpesvirus genes. Nonetheless, there appears to be nothing uniquely advantageous about 'the herpesvirus habit' that would be sufficient to direct elaboration or degeneration from independent origins to converge as viruses with such complex sets of common properties. Recent demonstrations of homologies between the amino acid sequences of some genes from relatively distant members of the group appear to support their evolution by divergence (see below). Secondly, the propositions of the present paper are that processes additional to adaptive or stochastic fixations of random genetic changes are required to understand the observed classes of variation in the herpesviruses. There is abundant evidence that high rates of point mutations, deletions and reiterations have occurred and are occurring in some members of the group (e.g. Hayward et al., 1975; Chaney et al., 1983; Honess et al., 1984; Hall et al., 1984) and that some of these changes can result in significant alterations in the nature of the disease produced by these viruses (e.g. Kaerner et al., 1983; Field et al., 1982; Lomniczi et al., 1984; King et al., 1982; Koomey et al., 1984) . I also recognize that many of the parameters that would describe the population genetics of herpesvirus infections (i.e. infection of close contacts with relatively low infectious doses giving rise to long-term latent infections with multiple cycles of virus production andpotential re-infection) appear to be optimal for the isolation and propagation of variants and that differences in some of these parameters will be highly relevant to understanding differences in the rates of change which may be observed in different virus lineages. The deficiency in these processes is not that they are insufficient to produce and sustain high levels of variation, but that they cannot explain the observed patterns of variation without the intervention of selective forces. It is the implausibility and inconsistency of the properties required of these selective forces which constitutes the major weakness of adaptive views of herpesvirus evolution. Finally, it should be evident that no current view of herpesvirus biology can be other than incomplete. Superficial labels at present disguise the undoubted complexities of the differences in their properties as infectious agents and our views of their properties as molecular genetic systems are influenced to a disproportionate extent by studies of the herpes simplex viruses. Certain of the details of the molecular biology of herpes simplex virus may offer misleading paradigms for the group. However, it is part of the present intention to suggest that an understanding of the processes which have operated in the lineage leading to the herpes simplex viruses may provide a diagnosis for the nature of the molecular dynamics which have also operated in the other lineages of this virus complex.
The problem: the diversity of contemporary herpesviruses
In this section, I will illustrate the problem of herpesvirus diversity by reference to their base compositions and their biological properties, the sizes and structures of their genomes and the organization and expression of the genes of different members of the group.
Base composition and biology -habits and habitats
Estimates of the mean nucleoticte compositions [moles ~o (G + C)] of genomes from more than 50 different herpesviruses are collected in Fig. 1 , together with some of their identifying labels in the present systems of nomenclature and an indication of their gross biological properties. The range of the observed values for their mean nucleotide compositions virtually embraces the limits for protein-coding sequences making maximally biassed choices in the use of'degenerate' codons (e.g. Sueoka, 1961 Sueoka, , 1962 Woese, 1967) . Some of the coding sequences of herpes simplex viruses [Fig. 1 : nos. 7 and 10; 66 to 68~ (G ÷ C) ] also display the biassed amino acid compositions anticipated for organisms tending to the 'absolute code limit' (i.e. where all tolerable amino acid replacements which increase use of the biassed nucleotide have been made: e.g. Woese & Bleyman, 1972 ; Elton, 1973a, b; see Murchie & McGeoch, 1982 and present Table 1 , below), and it would be anticipated that the upper limit has been reached within many of the genes of B-virus [no. 1 ; 75~ (G + C)] and pseudorabies virus [no. 2; 74~ (G + C)]. The range of biological properties and the resulting diseases with which herpesviruses are associated are also varied. These properties are summarized in Fig. 1 by indicating the proposed, or likely, affiliations of each virus to one of three major subgroups (the alpha-, beta-and gammaherpesviruses) which are defined by differences in host range and the tissues involved in acute and latent infections in vivo, and by host range, growth rate and cytopathology of infections in ceil cultures in vitro (Honess & Watson, 1977b; Roizman, 1982) .
For present purposes, the pertinent properties of the major subgroups are most economically conveyed by reference to familiar members. The alphaherpesviruses may be exemplified by herpes simplex viruses associated with common oral (i.e. herpes simplex virus type 1, HSV-1 ; human herpesvirus 1 ; Fig. 1 : no. 10) and genital (i.e. herpes simplex virus type 2, HSV-2; human herpesvirus 2; Fig. 1 : no. 7) infections of man; by viruses associated with similar diseases of Old World (e.g. nos. 1 and 9) and New World (e.g. no. 8) monkeys and lower vertebrates (e.g. nos. 2, 11 and 13) and by the causative agent of human chickenpox and shingles (varicella-zoster virus, VZV; human herpesvirus 3: no. 50) and related (Felsenfeld & Schmidt, 1977; Harbour & Caunt, 1979) viruses of Old World monkeys (nos. 34, 35 and 36) . It may be useful to separate the alphaherpesviruses into agents which are more similar to HSV (cq) and those which are more similar to VZV @t2). Alphaherpesviruses typically cause mild primary infections of epithelial cells of skin, eyes, oral cavity and respiratory and genital tracts of their natural host species, giving rise to vesicular lesions. They are capable of productive cytocidal infections in a wide range of cell and tissue types of their natural hosts and can cause generalized fatal infections of neonates or immune-compromised adults of these species. Following primary infections, alphaherpesviruses typically persist in a latent form and may give rise to periodic recurrences of mild disease. The normal sites of persistence appear to be in neurons of ganglia serving the primarily infected areas and, although there is evidence that this need not be the exclusive site of virus persistence, there is little evidence that the virus normally persists in a dividing cell population (see e.g. Scriba, 1977; Park et al., 1980; Wildy et al., 1982) . In vitro, alphaherpesviruses typically have a relatively broad host range and relatively short growth cycles (< 18 h).
Betaherpesviruses are synonymous with the cytomegalovirusesl 'salivary gland' viruses or 'inclusion' agents. These viruses are typically species-specific in vivo and in vitro and have been isolated from a wide range of vertebrates, including mice ( Fig. 1 : no. 22), Old World (no. 40) and New World (nos. 31 and 37) monkeys and man (no. 26). They cause ubiquitous, persistent Fig. 1 (see over) . Estimates of the mean nucleotide composition [abscissa, moles % (G + C)] of genomes from herpesviruses of alpha (O, O), beta (I-q) and gamma (A, A) biological subgroups (inset). Points for each virus are separated by arbitrary distances on the present ordinate and are annotated with the name proposed by the Herpesvirus Study Group of the ICTV (see Roizman, 1982) , the most widely used trivial name, and an arabic number (1 to 56) for the purposes of identification in the text and subsequent figures herein [see Fig. 2 and 3 ; e.g. no. 10 is human (herpesvirus)-1 or herpes simplex (virus, type)-l]. The single values given for most viruses arecsiimates of the mean composition of populations of non-defective virion DNA molecules. Virion D N A(middle genomes, M DNA) from a number ofyz-viruses (A, e.g. nos. 41,43, 44, 52 and 54) consists of unique sequence elements of low mean % (G + C), i.e. 'light' or L D N A, linked to tandem repeats of a high ~ (G + C) sequence of low complexity (0-5 to 1.5 kbp; 'heavy'or H DNA) at each terminus (see Fig. 2 ). For nos. 43, 44 and 52, the mean compositions of L and H DNA sequences, as well as that for M DNA, are given (points interconnected by solid lines). For no. 41, the values for M DNA and H DNA are shown, but noestimate for L DNA is available (broken arrow). The value given for no. 54is for M genomes; L DNA and H DNA subsequences are known to be present (broken arrows; see . Summary of information on the overall sizes (abscissa) and gross structural features (see key, inset) of herpesvirus genomes. Viruses for which structures are illustrated are identified by the numbers given in Fig. 1 and are located at corresponding points on the ordinate, the structures being therefore ordered with respect to their mean ~ (G + C). Only major sequence elements (> 0.2 to 0.5 kbp) and the predominant isomeric arrangements of unique sequence elements are indicated. No homology can be assumed between similarly drawn sequence elements of independent viruses (see text). I  I  1  I  i  1  I  I   100  120  140  160  180  200  220  240 Genome size (kbp) R.w. HONESS infections in asymptomatic adults, but are capable of producing disseminated infections and disease involving a wide range of tissues in neonates or immune-compromised adults of their natural hosts. The biologically relevant site of persistence is unclear but they can be isolated from salivary gland epithelium, lymphoreticular cells and cells from kidneys of asymptomatic animals. I know of no evidence that they persist in nervous tissue. In vitro, cytomegaloviruses typically have protracted cycles of virus growth even in the cultures of fibroblastic cells from the natural host which are considered optimal. The production and release of a class of noninfectious particles composed of virus 'tegument' and envelope polypeptides ('dense' bodies: Craighead et al., 1972 ; see e.g. Gibson, 1981 ; Irmiere & Gibson, 1983 ) is a frequent feature of cytomegalovirus infections. It may be a diagnostic aberration of a cytoplasmic phase of virus envelopment (see e.g. Watson, 1973 for review of earlier morphological studies) and there do not seem to be observations of similar structures in alphaherpesviruses. Although the existence of differences in particle structure, assembly and disassembly between herpesviruses is a probable source of divergent biological properties there are no systematic observations which can currently be used to assess their significance. The gammaherpesviruses are represented by the causative agent of human infectious mononucleosis (Epstein-Barr virus, EBV; human herpes 'virus 4; Fig. 1 : no. 16 ; this virus is also associated with Burkitt's lymphoma and with nasopharyngeal carcinoma), similar viruses of Old World monkeys (e.g. King et al., 1982) , and by herpesvirus saimiri (Fig. 1 : no. 52) and other viruses of New World monkeys (nos. 43 and 44) and lower vertebrates (nos. 41, 46 and 54) . A subdivision of the gammaherpesviruses also seems justifiable on the basis of the available data. Thus, the EBV and related viruses of Old World monkeys and apes form a coherent cluster (~'1 subgroup; see also Fig. 3 ) which merits demarcation from other gammaherpesviruses. These EBV-like viruses are typically associated with B-lymphocytes and in vitro they produce efficient polyclonal immortalization of primate B-lymphocytes to produce cultures in which multiple copies of the virus genome are maintained as circular episomes with restricted virus gene expression. The expression of other classes of virus genes is induced or derepressed in response to a variety of exogenous inducers (e.g. bromodeoxyuridine, phorbol esters) and late gene expression and the production of infectious progeny results in cell death (Kieffet al., 1983) . B-lymphocytes are the only cell type which has been shown to possess receptors for EBV in vitro. However, this cell type may not be the important site of virus growth or persistence in vivo and it is clear that the virus can, and does, undergo productive cycles of virus growth in epithelial cells (see e.g. Sixbey et al., 1984) . Herpesvirus saimiri and other members of the V:-subgroup are viruses of New World monkeys and lower vertebrates. They persist as inapparent infections and can be isolated from the T-lymphocytes of the majority of adult members of their natural host species. In related species, a number of viruses of the subgroup can cause a variety of polyclonal, malignant, lymphoproliferative diseases. Some viruses can immortalize T-lymphocytes from susceptible species in vitro (no. 44 ) and in such cultures [or in continuous lines of T-lymphocytes which have been established from diseased animals (nos. 44 and 52)] multiple copies of the virus genome can persist as circular episomes with limited virus gene expression (e.g. Fleckenstein & Desrosiers, 1982) . Representatives of the subgroup undergo relatively asynchronous and protracted productive cycles of growth in non-lymphoid cells in vitro (e.g. O'Hare & Honess, 1983a; Randall et al., 1983; Morgan & Epstein, 1977) . Despite some contrary indications (Johnson et al., 1980a, b) , it is clear that many cell types carry receptors for herpesvirus saimiri and that the apparent Tcell 'tropism' of the virus in vivo is not determined by the exclusive presence of virus receptors on this cell type. Whilst some of the determinants of tissue specificity may therefore differ in the gammaherpesviruses (but see below), they share the capacity to infect and persist as replicating episomes in the absence of general virus gene expression in growing populations of, e.g., lymphoid cells.
Whilst the above sketches are necessary for my present purpose, they are unavoidably subjective and in some cases the affiliations proposed are equivocal [e.g. on the basis of current information, the 'bovine cytomegaloviruses' of Storz et al. (1984) could equally well be considered for inclusion in the V2-subgroup]. More significantly, there is a lamentable lack of information on the quality of the mechanisms which determine biological properties. For example, the terms neurotropic and lymphotropic have frequently been applied to label the differences in the sites of persistence and nature of diseases associated with alpha-and gammaherpesviruses, respectively. The term '-tropism' clearly connotes a positive mechanism: i.e. that the biologically significant tissue distributions of these viruses are determined by the preferential or exclusive presence of a required factor in the tissue to which they are '-tropic'. Even in the case of the Epstein-Barr virus this model is proving inadequate (see above) and in more general terms a negative model is equally consistent with most of the observations. Thus, the absence of a factor(s) required for cytocidal virus gene expression could be viewed as the major determinant of the allowable, or characteristic, sites of persistence of herpesviruses. The alphaherpesviruses would then be envisaged as capable of entry and cytolytic gene expression in the majority of cell types and of entry but not of gene expression within a small subset of, e.g., neurons. Only virus in the latter site could persist. Similarly, the lymphocyte may represent the major cell type which can sustain the genome of the gammaherpesviruses whilst not expressing constitutively those cellular factors which permit the initiation of a productive infection and cytocidal gene expression. In the immunologically competent host this would then represent the main site available for virus persistence. A mechanism such as the above, based on tissuespecific differences in the constitutive expression of the trans-acting host factors required for the expression of the cytolytic functions of different herpesviruses, has some other attractions (see The nature of a solution, below). Whatever the basis for differences in biological properties and despite reservations about their description, profound differences undoubtedly do exist. The proposed subgroupings into alpha-, beta-and gammaherpesviruses (Roizman, 1982) are the best that can currently be justified.
The base compositions of herpesvirus genomes show a clear, but non-exclusive, correlation with these 'biological' subgroupings ( Fig. 1) . Thus, although there are examples with relatively low mean ~ (G + C) (e.g. nos. 49 and 53), alphaherpesviruses comprise twelve of the twelve classified viruses with mean compositions of > 60~ (G + C). Betaherpesviruses occupy the middle of the observed range of compositions and the ~2-viruses account for eight of thirteen viruses with coding sequences of < 50~ (G + C). A number of the latter viruses are also characterized by an extreme intramolecular heterogeneity in base composition, with terminal reiterations of very high (G + C) content linked to low ~ (G + C) coding sequences ( Fig. 1 ; see also Fig. 2) . In those cases which have been analysed the reiterated, (G + C)-rich, terminal sequences do not appear to be transcribed (e.g. no. 52; Tracy & Desrosiers, 1980) . Viruses which are most closely related by measures of DNA sequence homology or possession of multiple common antigens, have similar nucleotide compositions and are members of the same biological subgroup, even though all members of a subgroup and all viruses with similar compositions are not necessarily closely related by these criteria (see Honess & Watson, 1977b for summary of older data). More significantly, Davison & Wilkie (1983b) (see also Ben-Porat et al., 1983) have shown extensive homology and gross colinearity between homologous genes of some relatively distant members of the alphaherpesviruses (e.g. HSV-1, no. 10; equine abortion virus, no. 29; pseudorabies virus, no. 2; VZV, no. 50; see Fig. 3 and also Fig. 7 , below). These homologies are clearly much greater than those present between HSV-1 and the betaherpesviruses or gammaherpesviruses, which are now being detected by partial homologies in predicted amino acid sequences of a subset of virus genes (see e.g. Baer et al., 1984; B. G. Barrell, personal communication) . Less direct measures of similarity -based on serological studies or comparisons of the number, molecular weights and relative molarities of e.g. structural proteins or DNA-binding proteins of different herpesviruses -are consistent with the view that the biological subgroups do represent the products of distinct lineages. Such comparisons further suggest that the ~1-and y2-viruses are more similar to each other and to the betaherpesviruses than they are to the alphaherpesviruses (e.g. Honess & Watson, 1977b; Morgan, 1977; Blair & Honess, 1983; Weiner & Gibson, 1981; Gibson, 1981; Gibson et al., 1981) .
These, then, are the observations which form the first part of the problem we seek to resolve: a group of biologically diverse viruses with genome nucleotide compositions encompassing the limits for protein-coding DNA, but in which these compositions are non-randomly related with their biological properties.
Genome size, repeated sequences and segment inversion . gross features
Available data on the sizes and arrangements of gross structural features of herpesvirus genomes are illustrated in Fig. 2 . Genomes differ with respect to their overall sizes (abscissa), the relative contributions of unique or quasi-unique (heavy black lines) sequences, the presence of relatively large-scale direct repetitions of sequences at internal (e.g. no. 16; Baer et al., 1984) or terminal (e.g. nos. 41,43 and 44) locations, and the presence of internal inverted duplications of sequences from one (e.g. nos. 2, 4, 8, 29, 49 and 50) or from both (e.g. nos. 7, 9, 10, 13, 15, 26, 31, 32, 47 and 48) genome termini. The presence of large, internal, inverted duplications of terminal sequences correlates with high-frequency inversion of the unique sequence elements enclosed by these duplications and thus with the presence of approximately equimolar concentrations of two (Fig. 2: nos. 2, 4, 8, 29, 49 and 50) or four (nos. 7, 9, 10, 13 and 15) isomeric forms of linear virion DNA which differ with respect to the relative orientation of unique sequence components (arrowheads; see Fig. 4 for a more detailed description of the genome of HSV-1, no. 10). In all naturally occurring four-isomer viruses there is a single point of inversion ('joints'; arrowed in Fig. 2 ) at the junction between the internal inverted copies of the terminal sequences.
A plot of the mean nucleotide composition versus approximate sizes for the major coding sequences of the different herpesviruses ( Fig. 3) , provides a generally useful and sensible clustering of viruses with similar biological properties (i.e. the genomes of the betaherpesviruses are significantly larger than those of the other virus subgroups). Relatively small low ~ (G + C) coding sequences, terminated by direct repeats of a high (G + C) sequence, are clearly a characteristic of a coherent subgroup of gammaherpesviruses (?2). However, there is no necessary correlation between segment inversion and any similarity of biological properties or measures of sequence homology or relatedness (see above). Thus, viruses with two mutually invertible segments (i.e. four genome isomers) are present in each of the major subgroups but are more closely related to viruses with different patterns of inversion in the same subgroup than they are to viruses with the same pattern of inversion in other subgroups. Even within the alphaherpesviruses, some closely related viruses have a common sequence organization (e.g. Fig. 2 : nos. 7, 9, 10 and 13) but some two-isomer viruses (e.g. no. 8) are more closely related to some four-isomer viruses (e.g. nos. 9 and 10) than they are to other two-isomer viruses (e.g. no. 2) of the same subgroup. In this respect recent observations with pseudorabies virus (no. 2) and varicella-zoster virus (no. 50) are of interest. The large majority of isolates of pseudorabies virus which have been analysed contain genomes of the form illustrated in Fig. 2 , i.e. with an internal inverted duplication of sequences from only one terminus and with inversion of the 'short' unique sequence segment enclosed by these duplications relative to a single orientation of the 'long' unique sequence component and thus two major genome isomers. However, Lomniczi et al. (1984) have shown that a vaccine strain which has been subjected to extensive passage, but not to deliberate reconstruction in vitro, also has an internal inverted duplication of sequences from the 'long' terminus and mutual inversion of both genome segments occurs to give four isomeric forms. Varicella-zoster virus has also been shown to have a very small (approx. 80 base pair) inverted duplication of sequences from the long terminus located at the 'joint' and a minority population of virion DNA exists in which the long unique sequence segment is inverted relative to the equimolar inversions of the short segment (A. J. Davison & P. Sheldrick, personal communication) . Thus, these apparently major structural features of herpesvirus genome structure are not characteristic properties even of those lineages in which they occur. The simplest scheme of divergent evolution, taking account of existing measures of relatedness, requires that segment inversion must have arisen more than once and that at least one ancestral interconversion between a two-isomer and a four-isomer virus must have occurred in the alphaherpesviruses. The source and consequences of this variety of gross-structural features constitutes the second major element of herpesvirus diversity which requires rationalization.
Gene organization and gene expression." herpes simplex viruses
Herpes simplex viruses have served as prototypes for studies of the group for many years. Their elevation to this status 19redated any widespread appreciation of the diversity of a~ents (King et al., 1982) . For each virus, the approximate genetic complexity is the sum of the major unique sequence elements and one copy of each repeated element (see Fig. 2 ). Base compositions of 43, 44 and 52 are of the major coding sequences (L DNA); compositions for 41 and 54 are of M genomes and values for L DNA are expected to be less than the values shown (arrows). Viruses interconnected by solid lines have been shown to be related by the possession of common antigenic sites or DNA sequence homology (see e.g. Honess & Watson, 1977b; Harbour & Caunt, 1979; Shiraki et al., 1982; Roizman, 1982; BenPorat et al., 1983; Davison & Wilkie, 1983 b; Meijer et al., 1984; Isom et al., 1984; Gibbs et al., 1984) but the proximity of the relationships is not necessarily indicated by the distances between pairs of viruses on the present coordinates. For example, 7 and 10 are each more closely related to 50 than 7, 10 or 50 are to 16 to 52 or to 26. Thus, the grouping indicated should be imagined as separated in a third dimension expressing their relatedness on a mutually consistent scale (e.g. measures of homology in the coding sequences for an indispensable conserved function such as the major capsid polypeptide). Sources of information for Fig. 1 to 3, in addition to those cited above or in Honess & Watson (1977b) and Roizman (1982) Roizman, 1982) represents a real difference between M genomes of independent isolates or a measurement on an L DNA subcomponent.
T h e E i g h t h F l e m i n g L e c t u r
2085 iently in eggs a n d a r a n g e of c o n v e n i e n t in vitro cell culture systems a n d p r o d u c e diseases in small e x p e r i m e n t a l a n i m a l s w h i c h r e s e m b l e aspects of the diseases w i t h w h i c h they are associated in m a n . Because of their t r a c t a b i l i t y a n d the a t t e n t i o n s w h i c h h a v e b e e n g i v e n to their investigation, they are the only herpesviruses for which a worthwhile range of conditional lethal mutations has been characterized and combined with substantial independent information on gene locations and the controls of transcription. Most of the 150 kbp of the HSV genome is devoted to non-overlapping coding sequences for more than 50 polypeptides (Honess & Roizman, 1973; Wagner, 1983; McGeoch, 1984) and a complete description of the sequence of the genome of HSV-1 is now in prospect (McGeoch, 1984 ; see e.g. Fig. 7 ). The expression of these genes in productively infected ceils proceeds in three main phases, a or immediate-early (IE), 13 or delayed-early (DE) and y or late (lioness & Roizman, 1974 (lioness & Roizman, , 1975 Spear & Roizman, 1980) . The transcription of genes of all temporal classes requires the participation of host RNA polymerase II (Constanzo et al., 1977) and most genes are transcribed from independent promoters and give rise to unspliced messengers (for review, see Wagner, 1983) . The recognition of promoters for a-genes proceeds rapidly and efficiently in the absence of de novo protein synthesis but is enhanced by a component of the infecting virus particle (Mackem & Roizman, 1982a, b; Batterson & Roizman, 1983; Cordingley et al., 1983) , whereas the functional protein product of at least one of the five a-genes (infected cell polypeptide 4; IE 175K) is a cofactor required to facilitate transcription of/~-and y-genes Leiden et al., 1976; Preston, 1979; Watson & Clements, 1980; Minson et al., 1982; Mackem & Roizman, 1982a, b; Smiley et al., 1983 ; Sandri-Goldin et al., 1983 ; Dennis & Smiley, 1984) . The products of/3-genes include virus-specified enzymes of DNA metabolism (e.g. thymidine kinase, TK; DNA polymerase, pol; DNA-binding proteins, DBP; and 38K to 40K and 145K components of ribonucleotide reductase; see e.g. Dutia, 1983; McLaughlan & Clements, 1983) and functional products of many of these genes are required to sustain high levels of y-gene expression (Spear & Roizman, 1980) . Present evidence suggests that the transcriptional class of virus genes is determined by the interaction of virus and host transcription cofactors with class-specific cis-recognition signals (promoter-regulator sequences) located within 400 nucleotides of the message cap sites (Mackem & Roizman, 1982a, b; McKnight & K ingsbury, 1982; Preston et al., 1984; Dennis & Smiley, 1984) . The maximum rates of synthesis of both a-and/~-gene products in infected cells appear to be limited by the number of copies of the structural gene and their responses to trans-acting regulators, not by limitations in the translational capacity of the host cell (see e.g. Frenkel et al., 1975 Frenkel et al., , 1980 Frenkel, 1981 ; Dixon & Schaffer, 1980; Honess, 1981 and unpublished results) . The locations of the five a-or IE genes and their promoter-regulator sequences and of some representative/~-and y-genes are shown in Fig. 4 . A number of features of the arrangement of these genes are noteworthy.
(i) Of the five IE genes, two have diploid regulatory and coding sequences located entirely within IRL/TRL (ICP0; IE ll0K) and IRs/TRs (ICP4; IE 175K), one is located within UL (ICP27 ; IE 63K : Clements et al., 1979; Mackem & Roizman, 1980) and transcripts for the other two are initiated at identical control sequences within TRs/IRs but are spliced onto nonidentical coding sequences at opposite ends of Us (ICP22, IE 68K and IE 12K; see Fig. 4 and Fig. 7) . Thus, there are IE genes in unique and repeated sequences of the 'short' and 'long' genome segments. The promoter-regulator regions of these genes contain class-specific elements separable from the RNA polymerase II consensus. These accessory cis-regulatory elements contain multiple direct and inverted copies of(G + C)-rich sequences and components that function in cis as 'enhancers' of the expression of heterologous genes (Mackem & Roizman, 1982a, b; Murchie & McGeoch, 1982; Lang et al., 1984) .
(ii) Sequences which appear to function as origins of replication have been located in TRs/IRs (Frenkel et al., , 1980 Vlazny & Frenkel, 1981 ; Stow, 1982; and in UL (Kaerner et al., 1979 (Kaerner et al., , 1981 Cuifo & Hayward, 1981 ; Spaete & Frenkel, 1982; Weller et al., 1983) . There are no direct observations on the differences in the relative utilization of these origins in the virus replicative cycle; however, the diploid Oris sequences are flanked by divergent IE promoter-regulator sequences and the OriL is flanked by divergent DE promoterregulator sequences serving the genes for the virus DNA polymerase and the major nonstructural DNA-binding protein ( Fig. 4 ; see Stow & Weller et al., 1983) . These relationships suggest that activation of origin sequences and adjacent promoter-regulator sequences may be mutually exclusive. Fig. 4 . Representation of the major structural features of the genome of HSV-1 and the locations of some selected functions with respect to unique or reduplicated sequence components. The mature genome (centre; solid line represents largely unique sequences and rectangular boxes represent diploid inverted repeats) is composed of some 150 kbp and has a small (270 to 540 bp, depending upon the virus strain) direct terminal redundancy (the a sequence). This sequence is also represented internally in an inverted orientation at the junction between inverted copies of sequences from the subterminal regions of the genome. This junction divides the molecule into 'long' (L, 125 kbp) and 'short' (S, 25 kbp) segments each composed of unique sequence components (UL and Us) enclosed by inverted duplications of subterminal sequences (i.e. b and b' for the terminal and internal copies, TRL and IRL, of the L segment duplication; c and c' for the terminal and internal copies, TR s and IRs, of the S segment duplication). Populations of mature genomes are normally composed of an equimolar mixture of the four sequence isomers obtained by the mutual inversion of L and S segments and named relative to an arbitrarily chosen prototype (P) isomer (lower part of figure; e.g. . The locations of sequences implicated as origins of replication (OriL, Oris) and transcripts and coding sequences for the five c( or IE genes and of selected fl (DE; thymidine kinase, DNA polymerase, DBP, 40K) and late (gC) genes, are displayed on a genome in the P orientation (upper part of figure; see text).
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(iii) UL and Us components each contain fl-and 7-as well as ct-genes and each region contains genes for envelope glycoproteins (gC and gD), capsid protein genes (150K and 33K) and DNAbinding proteins (major DBP and 21-22K). Thus, there is no segregation of genes between long and short components on the basis of their regulatory class or function and some classes of proteins which would be expected to have co-evolved (e.g. capsid proteins) are separated on long and short genome segments ( Fig. 4 ; see e.g. Wagner, 1983; Holland et al., 1984 and Table 1 , for sources).
(iv) Only one of the IE genes has been shown to have an unconditionally required IE function (ICP4; IE 175K: see e.g. Fig. 7 ; the only ts mutations which affect the IE to DE transition map within the coding sequences of IE 175K). Functional diploidy of 175K and 11 OK proteins is not essential Davison & Wilkie, 1983a; Brown et al., 1984) and partial deletions of the coding sequences for the ICP22 (IE 68K) gene confer a host range restriction but are not lethal on human cells (Post & Roizman, 1981 ; I. W. Halliburton, personal communication) . However, at least some deletions which result in loss of functional diploidy have significant effects on the rates of virus growth in culture (e.g. Brown et al., 1984) and there have been no reports of the effects of the loss of diploidy on pathogenicity in animals. Marchi, 1981) and the Towne strains (Wathen & Stinski, 1982; Stinski et al., 1983) of human CMV and Jeang & Hayward (1983) have reported a single major IE transcription unit at a similar location on the single-isomer genome of the simian CMV strain Colburn. Randall et al., 1983 Randall et al., , 1984 O'Hare & Honess, 1983a, b) appears to share the rudimentary division into three main transcriptional classes with a product or products of the first phase being required as trans-acting transcription cofactors for the efficient execution of subsequent phases and with products of the second phase being required for DNA replication and quantitatively normal late gene expression. Hybridization studies between members of the alphaherpesviruses indicate that the major immediate-early gene homologous to the IE 175K product of HSV is located entirely within the IRs/TRs sequences of pseudorabies virus and VZV (see Fig. 7 ). However, the number of immediate-early genes may not be conserved even within the e-herpesviruses. For example, pseudorabies virus apparently has a single immediate-early gene (Ihara et aL, 1983) . In the betaherpesviruses, the human cytomegaloviruses (CMV) have a major IE transcription unit which gives rise to spliced transcripts for a 70K to 80K nuclear phosphoprotein which apparently has no recognizable amino acid sequence homology with the HSV IE 175K protein (Stinski et al., 1983; Stenberg et al., 1984) . More significantly, the major IE transcription unit of human CMV is entirely within the UL segment of the genome and there is a strikingly similar arrangement of IE relative to major DE transcription units in both isomerizing and nonisomerizing representatives of the betaherpesviruses (Fig. 5) . In this lineage the diploid inverted repeats (TRL/IRL) appear to contain DE genes. It is difficult to resist the conclusion that these diploid genes are duplications of the DE function which is present at a comparable location in a non-isomerizing representative of this lineage (arrows in Fig. 5 ). We will consider the implications of this observation below (see also Fig. 6 and 7) . Amongst the gammaherpesviruses, herpesvirus saimiri encodes a single major/E gene product (a 52K nuclear phosphoprotein, Randall et al., 1984) and a single major immediate-early transcript has been mapped entirely within the unique sequences of the genome of this virus (Bodemer et al., 1984 : it has yet to be established that this is the transcript of the 52K gene). Although the major immediate-early proteins of all herpesviruses include nuclear phosphoproteins, neither the number, the apparent sizes nor the arrangement of these immediate-early genes appear to be conserved features of herpesviruses. The major IE gene products of HSV, pseudorabies virus (Feldman et al., 1982; Green et al., 1983 ; Imperiale et al., 1983 ; ; S. L. Bach enheimer et al., personal communication) and simian CMV (P. O'Hare & G. S. Hayward, personal communication) are each capable of trans-activation of some heterotogous genes, as well as DE genes of the homologous virus, but there is little obvious structural homology between the cis-regulatory sequences of the responsive heterologous genes. These results suggest either that these cis-sequences are complex mosaics, containing overlapping recognition elements for a considerable variety of accessory regulators, or that these IE gene products exert their regulatory effects indirectly by provoking a change in a common cellular target (Feldman et at., 1982; The IE genes of HSV and homologous genes of VZV are indicated by filled bar-arrows and those delayedearly and late genes of HSV for which homologues have been suggested in VZV are indicated by crosshatched bar-arrows (homologous genes are interconnected by stippled bars : interconnections indicate an apparently significant homology between some portions of the two protein sequences, not the intragenic location or degree of the homology). Selected genes are annotated with their most generally used name or names (e.g. ICP4; IE 175K) and the locations of lesions in ts mutants of HSV-1 with altered IE regulation are also shown (top right; location from marker-rescue studies with tsLB2 and tsB2 by Dixon & Schaffer, 1980 and with tsK, tsc75, tsD and tsT by Preston, 1981) . The location of the tsK lesion was confirmed and refined by subsequent DNA sequence analyses by Davison et al. (1984) ; position of lesion annotated on coding sequences within IRs/TR s. The organization shown for the HSV-! short segment is based primarily on DNA sequence studies by D. J. McGeoch and his colleagues (Murchie & McGeoch, 1982; Rixon & McGeoch, 1984 and unpublished results) . Many aspects of this model confirm previous studies by a number of workers on the location of specific genes (I E functions and gD) in this genome segment (see text). The model for the VZV short region is that developed by Davison (1983 Baer et al., 1984) and low (e.g. VZV; Davison, 1983 ) mean ~ (G + C) content have confirmed earlier assumptions that they are primarily composed of protein-coding sequences and that differences in their compositions must be reflected in differences in their usage of synonymous codons. An explanation for the origin of these differences in composition and for the associations between biological properties and gross composition (Fig. 3) is necessary for any worthwhile understanding of the group. A wide range of base compositions are observed in coding sequences ofgenomes from many free-living organisms, as well as in those of parasitic forms, such as viruses. The mechanisms proposed should therefore be generally applicable. There are two main categories of explanation, selectionist (neo-Darwinian or adaptive) and non-selectionist (non-Darwinian/non-adaptive/neutral). Selectionist explanations would envisage genome composition as the outcome of differences in the probability of fixation of mutations because of their effects on survival in response to variable environmental constraints. Non-selectionist explanations would regard genome compositions as the products of some differences in an intrinsic property of the genetic system, subject to, but not directed by, external selection.
Conserved and divergent features of organization and expression
Previous discussions of the differences in base composition of herpesvirus genomes have favoured selectionist explanations and, in particular, the view that they are the outcome of adaptations to pre-existing or virus-induced differences in the abundance of tRNAs responding to different members of degenerate codon families (see e.g. Subak-Sharpe, 1967; Subak-Sharpe et al., 1974; Roizman, 1980) . Moreover, the (G + C)-rich members of the alphaherpesviruses (e.g. pseudorabies virus, HSV-1) have CpG/GpC frequencies close to those expected for random sequences of the same (G + C) content, in marked contrast to the deficiency in the observed frequency of these doublets which is a characteristic of their vertebrate hosts. The prediction that these herpesviruses would use codons containing these doublets more frequently than their hosts (Subak-Sharpe, 1967) is certainly fulfilled (see below). However, the expectation that these viruses would encode tRNAs responding to CpG-containing codons (e.g. arginine) to avoid the imagined restrictions on virus growth imposed by low concentrations of host tRNAs with appropriate specificities (Subak-Sharpe, 1967), has not been confirmed (Morris et al., 1970; Bell et al., 1971) . The general notion that herpesvirus base compositions are the product of adaptive changes to conform to differing abundances of iso-accepting tRNA species in different host tissues has, nonetheless, persisted. In animal tissues in which proteins with atypical patterns of codon usage are dominant products, there are corresponding differences in the composition of the tRNA populations (e.g. Streheler et at., 1967; Garel et al., 1974; Smith, 1975; Sprague et al., 1977) . Furthermore, non-identical patterns of biassed codon usage are general properties of all genomes (e.g. Grantham et al., 1980 Grantham et al., , 1981 and in prokaryotes and eukaryotes (Ikemura, 1981 ; Bennetzen & Hall, 1982) there is a striking correlation between codon usage and the relative abundance of cognate tRNAs. These observations have led to a general revival in selective explanations for biassed codon usage. In particular, it has been proposed that the abundant tRNA/ codon combinations in Escherichia coli are selected to produce the intermediate interaction energies which optimize speed and accuracy in the translation of frequently expressed genes (e.g. Post et al., 1979; Ikemura, 1981 ; Grantham et al., 1981 ; Gouy & Gautier, 1982; Grosjean & Fiers, 1982 ). On this model, the use of non-optimal codon-anticodon combinations would be selected if they provided a favourable translational control for regulatory or toxic gene products which are co-transcribed with frequently required gene products (e.g. Ikemura, 1981; Konigsberg & Godson, 1983) .
Clearly, these ideas have a pleasing simplicity and are in accord with the experimental data, but they have three main faults. Firstly, a theory involving optimization should predict convergence : it is the divergence in patterns of codon usage which is the phenomenon requiring an explanation. Many phage and plasmid genes do not share the codon bias typical of their hosts and, even in the case of coliphage T4, the pre-replicative genes have a codon bias unlike E. coli and are not simply explicable in terms of the specificities of the T4-coded tRNAs (see e.g. Spicer & Konigsberg, 1984) . Secondly, as a strategy for modulating expression, differential codon usage has some a priori attractions in polycistronic systems; its advantages are less obvious in monocistronic systems, where a single promoter mutation could be expected to achieve a regulatory impact that would require very many codon changes in the 'body' of the gene.* Finally, most of the correlations between tRNA abundance and codon usage are as consistently, and more constructively, explained if tRNA concentrations are regulated by the average codon demand of ongoing protein synthesis. Base composition and its effect on codon choice could then be determined by an alternative, non-selective, mechanism. Differences in codon usage between different genes of a single genome would then indicate the existence of overlapping coding or non-coding functions for genes with atypical codon usage or that such genes were recent acquisitions not equilibrated in response to those mechanisms which undoubtedly do produce idiosyncratic patterns of biassed codon usage in closed genetic systems. Available data for herpesviruses appear to be consonant with these latter postulates.
Information on frequencies for triplets from two-, four-and sixfold degenerate codon families in sequences of IE, DE and late genes of HSV-1 are illustrated in Table 1 . These genes sample locations from each major unique sequence segment (UL, Us) as well as part of the gene for the major IE regulator (ICP4, IE 175K) from the diploid inverted repeats of the short genome segment (IRs, TRs; see Fig. 4 and Fig. 7 ). The following features may be noted.
(i) A highly biassed pattern of codon usage is evident in all functional reading frames. This bias is not amino acid-or codon-specific and is characterized by preferential use of G and C at variable codon positions for all amino acids with degenerate codon choice. The bias is also observed in instances where a single iso-accepting tRNA species normally responds to more than one codon (e.g. tRNAA~L Table 1 ).
(ii) Some genes (e.g. ICP4, IE 175K) display properties expected of a sequence tending to the 'absolute code limit' (Woese & Bleyman, 1972; Elton, 1973a, b) with usage of triplets employing minority nucleotides (e.g. TAC-Tyr and other examples, such as ATG-Met, which are not given in Table 1 ) concentrated into the functional reading frames (compare frames 1, 2, 3 in Table 1 ) and with triplets containing majority nucleotides being more frequent in non-reading frames (e.g. CGX-arginine). This latter situation is clearly suggestive of a situation where the high arginine content in the functional reading frame is a result of the high (G + C) content, not its cause.
(iii) Genes of each regulatory class and from each part of the genome have similar patterns of bias. The significant exception to this consensus evident in the currently available sequences is the 22K gene product, which overlaps the coding sequences for the 33K gene (right of Us on the P-isomer, Fig. 4 and Fig. 7) . These results indicate a single recent history for coding sequences of L-and S-segments and suggest that the 22K gene is a recent function of sequences equilibrated for the function of the 33K gene (Table 1) .
(iv) As noted above, the maximum rates of synthesis of the gene products of HSV-1 can be increased by increasing multiplicities of infection and much higher than control rates of synthesis of IE 175K are observed in infections with defective viruses and ts mutants in the IE * Some situations which may limit tolerable promoter-regulator mutations and thus select for strategies which modulate virus gene expression by post-transcriptional mechanisms (e.g. splicing, ribosome loading, codon usage), have been suggested to me (E. D. Blair, personal communication). For example, the necessity to compete with relatively high concentrations of pre-existing host promoter regulators for RNA polymerase etc. may dictate the strength of virus immediate-early promoters independently of the levels of the IE gene products which are required ; any necessary down-regulation would therefore have to be achieved post-transcriptionally. Since there is no correlation between codon usage and regulatory class (text), this suggestion does not seem to provide an explanation for (G + C) bias; it could provide an explanation for the role of splicing in IE genes. Promoter regulators which form part of other signals (e.g. origins of replication) or of coding sequences of other genes may similarly be constrained. Examples of such 'information overlay' certainly occur (McGeoch, 1984; Baer et al., 1984) , but they are not sufficiently general to provide a selective pressure on regulation requiring a general post-transcriptional solution and there is no evidence that codon usage has provided this solution (text). Information overlay of various types does, however, explain a number of departures from the consensus codon bias (see Table 1 ). Rixon & McGeoch (1984) . The 22K and 33K gene products are translated from T-coterminal transcripts and coding sequences for the carboxy terminus of 22K overlap the coding sequences for the amino terminus of the 33K gene product (see Fig. 4 and 7) . Codon usage patterns in the 22K coding sequences which clearly deviate from the consensus pattern (right-hand columns) are boxed. A consensus pattern for codon usage in HSV-I genes derived from results (a) to (d), plus data for the IE 12K
gene (Rixon & McGeoch, 1984) , glycoprotein D (Watson et al., 1982) and the 40K polypeptide (Draper et al., I982) . See Fig. 4 and 7 for the locations of these genes. The relative codon usages are expressed as fractions of the total occurrence (n) of each amino acid in the functional reading flames (frame 1) of these genes. An indication of the relative influence of functional and compositional constraints in frame 1 can be judged by comparison with relative usage and occurrence in frames 2 and 3. § In eukaryotes tRNA Ala with a single anticodon specificity appears to respond to both GCT and GCC (see Nishimura, 1979) . 175K gene, Products of genes with similarly biassed codon usage are synthesized at widely different rates in normal infections and the atypically biassed 22K gene product (ICP47 48; Honess & Watson, 1977a; Honess et al., 1980) is synthesized at high rates late in infection together with gene products conforming to the consensus bias (e.~. ~C). R.W. HONESS (V) There is an increased (G + C) content in the IRs/TRs sequences in proceeding from Us toward the terminus or 'joints' (McGeoch, 1984) and a correspondingly accentuated bias in codon usage (Murchie & McGeoch, 1982) .
None of these observations is readily explained by any virus-induced or pre-existing limitation in iso-accepting tRNAs as the mechanism selecting for biassed codon usage via effects on expressivity. The bias is not codon-(or reading frame)-specific and there is no evidence for larger bias in more frequently expressed genes. Furthermore, although the growth rates of different herpesviruses vary widely, the maximum observable rates of synthesis and the total yields/cell of the major capsid polypeptides of HSV-1 [66~ (G + C)] and of herpesvirus saimiri [L DNA coding sequences of 36~ (G + C)] are similar in permissively infected cultures of Vero or Owl monkey kidney cells (Honess & Roizman, 1973; O'Hare & Honess, 1983 a; Randall et al., 1983 ; R. W. Honess, unpublished results). Although alternative selective mechanisms for the origin of composition differences which are not based on codon usage (e.g. advantageous effects of conformational properties of DNA, such as flexibility and handedness, which are composition-dependent) can be formulated, these alternatives would also predict convergence and they do not provide a convincing basis for global differences in the composition of entire genomes. To find a generally satisfactory explanation we therefore turn to the non-selective hypotheses.
The simplest explanation is that biassed mutation rates
] are the general mechanism for drift in overall nucleotide compositions (e.g. Sueoka, 1962; Vogel, 1972) . Biassed codon usage is then the outcome of the selective retention or elimination of the maladapted products of such mutations. To explain all the observed features it may be necessary to invoke the influence of neighbouring bases on the probability of a misinsertion (Koch, 1971 b ) and differential error rates in different strands. There are precedents for both of these effects and a clear mechanism for the latter in the distinctive enzymology of DNA synthesis on 'leading' and 'lagging' strands. Herpesviruses encode many enzymes of nucleotide and DNA metabolism (e.g. DNA polymerase, DNA-binding proteins, exonuclease, thymidine kinase, ribonucleotide reductase) and there are significant perturbations in the pools of deoxynucleoside triphosphates in cells infected with HSV (Jamieson & Bjursell, 1976) . There are familiar examples of biassed mutator phenotypes attributable to changes in the analogous gene products of phage and bacteria (see e.g. Drake, 1974) . Mutator and antimutator lesions have been noted in the D NA polymerase gene of HSV-1 (Hall et al., 1984; Honess et al., 1984) and differences in the substrate specificities of thymidine kinases of different herpesviruses and modifications in these specificities by point mutations in the thymidine kinase structural gene have been observed (Honess & Watson, 1977 b; Honess et al., 1982; Larder et al., 1983 ; G. K. Darby & B. A. Larder, personal communication) . If biassed errors were also features of the site-specific inversion system (see below), as well as of replication and general recombination and repair, then a simple explanation would also be provided for the accentuation of the general bias in sequences toward the junction/terminus of invertible genomes (note also positions of Oris, Fig. 4 ). The existence of biassed error frequencies should be testable in vitro (e.g. Grosse et al., 1983) and may be deducible by observations on the frequency and direction of unselected nucleotide substitutions in vivo, such as may be approximated by measurements of polymorphisms in a large sample of restriction endonuclease cleavage sites (e.g. Chaney et al., 1983) . The cycles of infection, recurrence and retransmission, separated by variable latent periods, which are characteristic of the herpesvirus habit, would seem to provide the oscillating environmental features which would be expected to have favoured the fixation of 'mutator' phenotypes (Koch, 1971a; Kubitschek, 1974) . Although more specific sources of biassed base changes can readily be imagined [e.g. illegitimate recombination of (G + C)-rich termini into single-strand interruptions at internal sites] the general 'mutator' hypothesis provides a sufficient explanation for the origin of diverse base compositions in the herpesviruses. In view of the simplicity of the 'biassed-mutator' hypothesis, it is the explanation which must be preferred.
Nucleotide composition and biological properties habitats determined by habits ?
A problematic consequence of accepting a non-selective explanation for the origins of the differences in mean nucleotide composition of herpesviruses is that the link with biological The Eighth Fleming Lecture 2095
properties implicit in selective explanations is sacrificed. This relationship could be reestablished in a number of ways. A reasonable, but trivial, mechanism would be the occurrence of a fortuitous genetic linkage between a mutation determining a biologically relevant property (e.g. in an envelope glycoprotein modifying tissue distribution) and a gene determining a mutator phenotype with a particular bias. With the possible exception of the ~' 1 viruses, there is little indication that the observed tissue distributions and biological properties of current herpesviruses are exclusively determined by single genes and it is certain that tissue and cell state-specific differences in the ability to support a productive cycle of virus replication are commonly observed at steps after virus entry. This mechanism therefore provides no specific predictions and I do not favour it. A second mechanism would be applicable if tissue-specific differences in host contributions to virus DNA replication (e.g. pool bias, differences in accessory proteins) determined the direction of biassed mutations. Although this explanation does not suggest any selective advantage via translation and is consistent with the observations, it requires assumptions about tissue-specific differences in these factors which are of the same arbitrary, ad hoc, character as those invoked by the other selective hypotheses. Finally, differences in the outcome of various herpesviruses infecting a particular tissue (productive, abortive or latent infections) could be a result of some property arising from their differentially biassed nucleotide compositions. Thus, the converse of the conventional hypothesis would be proposed: compositional drift does not have an adaptive origin, it could have adaptive consequences. The habit could determine the habitat. A possible mechanism by which base composition could have such an adaptive function is suggested by recent studies of cis and trans controls of eukaryotic gene expression. Compositional bias is a predictable feature of cis-acting regulatory sequences (Gatlin, 1972) ; RNA polymerase entry sites and adenylation signals are each characterized by (A + T)-rich consensus sequences and the class-specific sequences which appear to modulate promoter usage ('promoter-regulators', enhancers) also show compositional bias (e.g. Corden et al., 1980; Fitzgerald & Shenk, 1981 ; Everett et al., 1983 ; McGeoch, 1984) . Such cis-recognition sequences clearly function in the regulation of virus gene expression in cells infected with HSV (Mackem & Roizman, 1982a, b; McKnight & Kingsbury, 1982) . The activities of various promoterregulator elements have also been shown to be species-or tissue-specific (e.g. Laimins et al., 1982; Byrne et al., 1983; Spandidos & Wilkie, 1983; Linney et al., 1984) , presumably reflecting differences in the availability of the trans-acting host proteins which recognize the different classes of, or subsequences within, promoter-regulator elements. Thus, biassed mutations in the 5' untranslated regions of herpesvirus genes could produce differential bias into promoter regulator regions and direct and reinforce the existing tendencies to accumulate reiterated sequences in these regions (Smith, 1976) . On this hypothesis, differences in the cell or tissue distribution of trans-acting host proteins which act to promote transcription in response to e.g. (G + C)-rich or (A + T)-rich cis-recognition sequences would provide a basis for the biological consequences of a generally biassed base composition. As we shall see, the other major variable feature of herpesvirus genome structure, segment inversion, can provide a means to accelerate compositional drift selectively in the neighbourhood of different classes of virus genes as well as a means to double their dosage. It is to the origin and significance of segment inversion and diploidy that I now turn.
Segment inversion and diploid inverted repeats: mechanism and consequences
False beginnings: 'trunks behind and tails in front'. The original description of the presence of internal inverted copies of terminal sequences in the genome of herpes simplex virus (see Fig. 4 ) and the prediction that these mutually inverted sequences would mediate recombination and segment inversion (Sheldrick & Berthelot, 1974) provoked interest for a number of reasons. It was assumed that such a sequence arrangement must have some 'useful' role or reflect the operation of some interesting evolutionary process. Early evidence that the protein correctly suspected as being the major IE regulator (ICP4, 175K) was encoded in repeated sequences close to the point of segment inversion see Fig. 7 for current data) reinforced these prejudices and gave analogies with other systems in which segment inversion played a regulatory role some obvious appeal. Other ideas concerned the possibility that genome segments were relics of an ancestral genome fusion event and that the reversible dissociation of genome segments in contemporary viruses would represent an attractive method of establishing a latent infection and provoking a recurrence (G. S. Hayward, N. Frenkel & B. Roizman, personal communication, 1974 ; an idea revived latterly by Ritchie & Timbury, 1980) and by the possible regulatory consequence of diploidy per se. The idea of inversion as a regulatory switch for gene expression received a mortal blow from demonstrations that no transcripts cross the HSV segment junction (Ctements et al., 1979; Mackem & Roizman, 1980; see Fig. 4) . Physical separation of L and S segments does not appear to occur as a normal part of the infective process and studies of dinucleotide frequency patterns of sequences from UL, Us and TRs (e.g. Wilkie et al., 1979 ; since confirmed by sequencing studies referred to above, Table 1) indicated that L and S segments had been subjected to similar recent evolutionary pressures. The accumulation of comparative structural data (Fig. 2, above) has since established that inversion is not a universal property of herpesviruses and that, even when it is observed, the point of inversion and the nature of genes within the diploid inverted repeats are not conserved properties of the group (e.g. alphaherpesviruses versus isomerizing betaherpesviruses, above). Results from a number of independent experimental approaches have now converged to suggest a much simpler and more general explanation of the significance of isomerization and diploidy.
The revised view: isomerization is mediated by a site-specific recombination system. Diploidy is the consequence ofisomerization, not its cause. The main observations which have contributed to a revised view of the mechanism and significance of isomerization and diploidy are the following.
(i) DNA replication during productive cycles of herpesvirus growth produces head-to-tail concatemers as intermediates (Ben-Porat et al., 1976; Jacob et al., 1979; Cebrian et al., 1983; LaFemina & Hayward, 1983 ; also studies on defective genomes by N. Frenkel and others).
(ii) Maturation of progeny genomes from concatemers involves a site-specific recognition and cleavage reaction (Vlazny & Frenkel, 1981; Vlazny et al., 1982; Mocarski & Roizman, 1982b; . Genomes of some herpesviruses are normally terminated by single copies of non-redundant sequences which sum to a complete recognition sequence (e.g. VZV and pseudorabies virus: Davison & Scott, 1983; A. J. Davison, personal communication; L. Harper & T. Ben-Porat, personal communication) ; in others, multiple tandem reiterations of relatively large direct repeats containing a complete recognition sequence are also present (e.g. EBV, herpesvirus saimiri; see Fig. 2 ). The genome of herpesvirus saimiri provides an informative illustration of many properties of these cleavage systems. In the population of mature progeny genomes of this virus, an approximately constant total number of terminal repeat units per genome are distributed randomly between the two molecular ends (e.g. Fleckenstein & Desrosiers, 1982) but each molecule terminates with the complementary portions of a repeat unit derived by a precise, sequence-specific, cleavage (R. W. Honess, unpublished results) . Thus, the choice of the first unit to be cleaved is random, but this cleavage is sequence-specific and the site of the second cleavage is then determined such that total genome size is approximately constant.
(iii) In isomerizing genomes the points of inversion are not conserved, but inversion takes place through an internal inverted copy of the complete terminal recognition and cleavage sequence. In four-, as well as in two-, isomer viruses there is a single (or contiguous sequenceequivalent) natural point of inversion. In herpes simplex viruses, mutually inverted copies of this sequence (contained within the complete a sequence, Fig. 4 ) are a sufficient signal for equimolar inversion. Thus, deletion of the internal copy prevents inversion, insertion of additional copies promotes inversion of those sequences bounded by mutually inverted signals and deletion of sequences bounded by directly oriented signals (Mocarski et al., 1980; Smiley et al., 1981 ; Mocarski & Roizman, 1981 Davison & Wilkie, 1983a; Poffenberger et al., 1983) .
(iv) Genome maturation and packaging and equimolar inversion are mediated by transacting virus-specified products acting on appropriately oriented cis-recognition and cleavage signals (Vlazny et al., 1982; Mocarski & Roizman, 1982a; .
(v) Major genome isomers appear to be biologically equivalent and any one genome isomer can give rise to all other genome isomers with a sufficiently high frequency such that the progeny of single plaques contain equimolar concentrations of all major genome isomers (Roizman, The Eighth Fleming Lecture 2097 Lecture 1979 Roizman et al., 1979) . Isomerization cannot be explained universally by a mechanism based purely on site-specific cleavage and 'headful' packaging. Such a mechanism could produce four isomers from one (i.e. random choice of first cleavage site on a P concatemer could give P and ISL isomer progeny, dimerization resulting in a P-IsL concatemer could then give Is and IL isomers) but it cannot generate the P and Is isomers observed in existing two-isomer genomes. Inter-or intramolecular recombination must therefore be involved.
(vi) Intermolecular recombination frequencies are relatively high in herpes simplex and pseudorabies virus infections (2 ~o/kbp/cycle) and general recombination events within inverted repeats would be sufficient to equilibrate isomer frequencies rapidly under normal conditions of infection (e.g. Ben-Porat et al., 1984) . However, the available genetic evidence is not consistent with intermotecular recombination as the mechanism of equimolar inversion (Honess et al., 1980 and there is clear evidence that equimolar inversion is independent of general homodiploidy but is dependent on a sequence-specific recombinational process [point (iii) above]. More cogently, diploidy does not provide a sufficient explanation for high frequency isomerization but a site-specific inversion mechanism can provide a ready explanation for the origin of diploidy (see below).
(vii) Diploid inverted repeats are dynamic structures. In both the beta-and alphaherpesvirus lineages there is evidence for the evolutionary expansion or encroachment of diploid inverted repeats and the corresponding loss of unique sequence elements (see Fig. 6 and 7). Whitton & Clements (1984) have provided a convincing model for the general features of repeatencroachment mediated by non-reciprocal recombination or gene conversion events initiated within homologous sequences of parental inverted repeats and resolved within neighbouring non-identical unique sequences. As was also indicated by these authors, such a process can provide a mechanism to repeat or delete regulatory sequences as well as coding sequences and can thus produce progeny in which the regulatory class of a gene is altered relative to the parental state. The restrictions on the expansion of inverted duplications are then imagined as being imposed by the positions of essential regulatory or coding sequences whose functions would be lost by the reciprocal compensating deletion events. The available data provide strong support for the operation of this class of mechanism in both betaherpesviruses and alphaherpesviruses ( Fig. 6 and 7 ; Whitton & Clements, 1984; McGeoch, 1984; D. J. McGeoch & A. J. Davison, personal communication) .
From these observations, a simple and consistent general model emerges; isomerization is determined by a site-specific recombination mechanism operating between the mutually inverted copies of the recognition/cleavage sequence whose normal essential function is in the site-specific maturation of progeny genomes from concatemeric intermediates. The isomerization process is an intramolecular event which takes place on circular or concatemeric molecules and not all events initiated within the inverted homologous signals are resolved within them. Resolution events in neighbouring non-homologous unique sequences result in gene conversion and the encroachment of inverted duplications. The only additional ingredients for a general model of the origins of the diversity of herpesvirus genomes are explanations for distinction between two-and four-isomer genomes and for the significance of some asymmetric features of progeny genomes. For example, mature, wild-type, genomes of HSV-1 invariably have a part of a single a sequence at the S terminus but may have multiple complete a sequences at the joint and at the L terminus (Wagner & Summers, 1978; Locker & Frenkel, 1979; Mocarski & Roizman, 1982 a, b) and in defective genomes the a sequence at the S terminus is conserved, whereas that at the L terminus is not (Frenkel, 1981) . The missing ingredient is, therefore, a means to specify the symmetric resolution of site-specific recombination events in four-isomer genomes and asymmetric or polar resolution of site-specific recombination events in two-isomer genomes which can give polar maturation from both classes of concatemer. Structural studies on the termini and joints of HSV-1 genomes have shown that the complete recognition/cleavage sequence contains a 17 to 21 base pair direct repeat (DRI of Mocarski & Roizman, 1982b) which is cleaved asymmetrically to give genome termini and, in addition, multiple direct reiterations of other (G + C)-rich sequences (Davison & Wilkie, 1981 ; Mocarski & Roizman, 1982b) . It may be conjectured that the site-specific recombination systems of both two-and four-isomer viruses consist of two classes of cis-recognition sequence and corresponding trans-acting proteins; let these be designated the site-specific cleavage (sic) sequence/protein and the packaging (pac) sequence/protein. In all classes of genomes a single sic sequence (e.g. DR1 of Mocarski & Roizman, 1982b ) is postulated which is recognized and cleaved by a catalytic activity translocated across the sequence in a sense determined by proteins stoichiometrically bound to the pac reiterations. In two-isomer viruses these bound pac monomers would have a single polarity with respect to sic and thus direct the resolution of the recombination event in a single sense (i.e. to invert S and expand TRs/IRs). In four-isomer viruses, pac proteins would be bound as monomers in opposite senses on each side of sic (or as anti-dimers on one side of sic), permitting the propagation and resolution of the crossover event in either direction (i.e. to invert S or to invert L). The binding of the sic protein to a structural component is a plausible route to convert the single-strand scission activity to a double-stranded cleavage for the initiation of maturation and packaging (see e.g. Ladin et al., 1980) . If the direction of packaging is determined by the sense of the pac monomer bound closest to the cleavage site, polar packaging could occur on both two-and four-isomer genomes and should be initiated from the S-terminus of two-isomer genomes. There are some relatively simple (e.g. phage P 1, loxP, see Sternberg et al., 1981) and rather more complex (e.g. interactions between 2-cos, terminase and Chi; see Kobayashi et al., 1983 and references therein) precedents for site-specific recombination mechanisms with some similar properties, but there are not yet enough data to provide other than this conjectural outline of the kind of machinery which appears to be required to explain the properties of invertible herpesvirus genomes. It is noteworthy that R. Dalziel and H. S. Marsden (personal communication) have recently demonstrated a sequence-specific binding interaction between the 22K gene product (Table 1 , Fig. 7) and plasmids containing the a sequence of HSV-1.
The nature of a solution: hypothesis and predictions
The essence of the present hypothesis can now be stated simply. I envisage the diversity of contemporary herpesviruses as the outcome of two of their defining 'habits': a repertoire of virus-induced enzymes of DNA replication and a site-specific recombination-cleavage system evolved for the maturation of progeny genomes from the concatemeric products of genome replication. The virus-induced enzymes with differentially biassed 'mutator' activities are envisaged as having provided the source of compositional drift. These 'drifted' products of replication in one tissue then have altered properties in this or another tissue by virtue of, for instance, changes in composition of 5' promoter-regulator sequences of virus genes and the consequential changes in their recognition by tissue-specific transcriptional regulators. The terminal sic-pac signals are visualized as having determined both genome 'contraction' and isomerization. Thus, the internal insertion of a direct repeat ofsic-pac would provoke a deletion and, with the compensating reiterations of terminal sequences to maintain a total molecular length consistent with packaging restrictions, is postulated to have given rise to genomes like that of herpesvirus saimiri. The internal transposition of an inverted sic-pac signal would determine either uni-or bidirectional (see above) isomerization and repeat encroachment via intramolecular recombination initiated site-specifically. Although it would be expected that repeat expansion would be the predominant process until restrictions were imposed by the loss of essential functions (see e.g. Whitton & Clements, 1984) , the data of D. J. McGeoch and A. J. Davison (Fig. 7) indicate that this process is probably not irreversible (the VZV 11K open reading frame is at the opposite end of the Us linkage group from its homologue in HSV and a model for the transposition which involves sequential recruitment and then loss from the inverted duplications has been proposed: D. J. McGeoch & A. J. Davison, personal communication) . In the alphaherpesviruses the insertion of an inverted sic-pac signal occurred in the neighbourhood of an IE gene and produced diploidy of this function and of the neighbouring origin (Fig. 4 ). An increased probability of biassed mutation (due to combined effects of replication and gene conversion during sitespecific recombination) therefore occurred in the neighbourhood of IE genes and propagated (G + C)-rich sequences in promoter-regulator regions (supposed to possess a relatively broad recognition specificity by widely available host factors) as well as in coding sequences. A broad host range with rapid expression of the self-regulated IE gene and a high rate of DNA replication are the plausible consequences.
In the betaherpesviruses the insertion of an inverted sic-pac signal is regarded as a relatively more recent event which occurred in the neighbourhood of a DE gene. There seems to be no evidence that the resulting diploidy includes an origin of DNA replication in this lineage. There are some indications that the regulation of the DE gene may be modified in isomerizing versus non-isomerizing betaherpesviruses (see Fig. 5 , DE transcription in diploid sequences of human CMV may persist at later times than that for the supposed equivalent in murine CMV). However, there is no obvious advantage in the protracted or enhanced synthesis of a non-self-regulated DE gene such as exists in the enhanced rate of production of a self-regulated IE gene. Some of the more important predictions which arise from the general hypothesis are the following.
(i) Differential bias in misinsertion frequencies should be demonstrable in DNA replication of (G + C)-rich versus (A + T)-rich herpesviruses.
(ii) Differential bias in promoter-regulator regions should correlate with tissue-specific differences in the efficiency of promoter utilization.
(iii) Non-isomerizing viruses with differing unique sequence coding capacities should be related by deletion. The internal transposition of the sic-pae signal could occur nonconservatively (i.e, loss of original termini) to give non-inverting progeny with new termini and a permuted gene order.
(iv) Although the positions of permissible insertions of inverted sic-pac signals and the creation of points of isomerization may be non-random (i.e. favoured by partial homologies and dependent upon the nature of the interrupted sequence) it would be expected that such insertions could be tolerated at many sites other than those currently documented. In this connection, the nature of the genes at the points of inversion in Marek's disease virus and the herpesvirus of turkeys ( Fig. 2; nos. 47 and 48) are of interest.
(v) Since diploidy is the result of isomerization, viruses isolated early after the initial sie-pac insertion event need not be diploid for adjacent regions and some insertions may be restricted ab initio by essential functions at both ends of invertible segments. The betaherpesviruses of monkeys and great apes may provide examples of the former and the position and nature of functions at L sequence termini of the cottontail rabbit herpesvirus ( Fig. 2 ; no. 54) may be pertinent to the latter situation.
(vi) Genes within, or with transcripts crossing the boundaries of, the diploid inverted repeats of isomerizing genomes may have been separated from their ancestral regulatory sequences or had these sequences modified or enhanced by biassed mutation or gene conversion (i.e. gene capture). Homologous genes of non-isomerizing genomes may be of a different regulatory class. By extension, the contemporary essential functions of such captured genes (e.g. IE 12K, IE 68K of HSV; Fig. 7 ) may be at later times in the virus growth cycle. Available results on the function of the IE 68K gene (ICP22) are not inconsistent with this proposition (Post & Roizman, 1981 ; I. W. Halliburton, personal communication) which would certainly assist in reconciling the apparent discrepancies in the number of IE genes of different herpesviruses and the failure to attribute immediate-early functions to HSV genes other than 175K (see above).
(vii) A protein interacting site-specifically with direct (pae) repeats within the junctions of two-isomer viruses and with both direct and inverted repeats across the junctions of four-isomer viruses is predicted as the element which identifies strands to direct the resolution of site-specific recombination events. These recombination events are expected to be initiated by site-specific single-strand cleavages (i.e. at sic) and propagated away from sic as directed bypae toward Us (in two-isomer genomes) or toward either Us or UL (in four-isomer genomes).
Tail-piece." simplex solution to complex problems, or there's more to elephants than trunks!
The mainspring for the present conjectures was the belief that recent observations suggested some simple mechanisms by which descriptions of herpesvirus diversity might be given a degree of unity. The case for non-adaptive mechanisms as major generators of this diversity seems to me to be very good; however, it should be evident the present suggestions for the links between biological properties and gross molecular attributes remain tenuous. Similarly, the arguments for site-specific inversion as the origin of diploid inverted repeats are convincing but it is not yet possible to assess the relative impact of the deletion and transposition events which have occurred in the process of repeat encroachment. The present hypothesis also envisages genome contraction by deletion en bloc as a major alternative pathway for interrelating herpesviruses and thus regards the large non-inverting betaherpesviruses as the most 'primitive' of extant herpesviruses. However, K. Weston and B. G. Barrell (personal communication; see also Baer et al., 1984 for some similar observations with EBV) have discovered homologies between sequences of a relatively extended set of open reading frames in the short unique segment of the human CMV genome. Such products of apparently conventional processes of gene duplication and divergence are more obviously compatible with the view that the betaherpesviruses are 'expanded' derivatives of the ancestral type. It is premature to judge if the alternative view of this 'gene family' as a primitive feature, acquired from the pre-herpetic eukaryote and refined to eliminate redundancy after entry into the herpesvirus lineage, remains enable. The rapid rate at which sequences of herpesvirus genes are now being determined should soon provide the data to test many of the present speculations. Meanwhile we recall the tenets of Mencken's Law, that For every Complex problem, There is a simple solution -and it is wrong! It remains to be seen how many of the present simple(x) solutions prove useful in interpreting the complex problem of herpesvirus diversity.
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